A bone defect of rectangular shape in a femur is considered as a result of a surgical resection of tumor lesions. Based on finite-element calculation of J-integral near the bone defect, ultimate combinations of loads corresponding to formation of microcracks were determined. The loads corresponds to simultaneous actions of own human's weight, flexion-extension, adduction-abduction and rotation of the femur. Recommendations for the prevention of pathological fractures of the femur with the surgical defect based on the obtained results were formulated.
Introduction
The main method of treatment of benign tumours and metastatic lesions of long bones is a surgical removal of the affected area within an unmodified tissue (surgical resection). After surgery, as shown in Figure 1 , a sectoral defect of rectangular shape is formed in the bone. As a result, bone strength and functionality of the operated limb decrease and the risk of pathologic fracture of the surgical resection increases.
Clinical and radiological criteria of the possibility of loading long bones and the magnitude of the ultimate load on the operated extremity are developed in sufficient detail. However, practical recommendations on compensation of a bone strength loss and the prevention of pathological fracture after a sectoral resection (load limitation, bone reinforcement or external immobilization) are exclusively descriptive. A retrospective research of bone functioning and assessment of its fracture risk after a surgical resection of a humerus was performed in [19] . The authors concluded that pathological fractures of the distal humerus were rare and associated with repeated operations; for the prevention of fractures in a proximal region and diaphysis, the use of pros-thesis and fixation, respectively, were suggested. At the same time, development of practical recommendations for the prevention of pathologic fractures after a surgical resection is a fundamental issue, since a restriction of a functional load on an operated limb reduces significantly the patient's ability for self-care and mobility (especially in a case of a lower extremity). Reinforcement of a bone at the level of surgical resection (preventive fixation) can compensate for the loss of strength of the affected segment more fully and minimize a decline in the quality of life; however, this method needs re-intervention to remove the fixation. Development of recommendations on a use of different methods to compensate the loss of bone strength and prevent pathological fracture after a sector resection is required to avoid excessive treatment. Similar recommendations for the prevention of pathological fractures of bone with metastases and tumors took into account a size of the lesion, damage to cortical bone, results of radiographic examination, as well as an increase Formation of microcracks near surgical defect in femur...
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in local pain [6, 8, 12] . A scoring system combining radiographic and clinical factors into a single indicator to predict impending fracture was proposed. These approaches were subjected to some criticism in [4] and [18] . Moreover, the authors of these studies stated that indications for prophylactic fixation of impending fractures of long bones were not defined rigorously. So, it is necessary to perform additional research and formulate more stringent criteria for prediction of the risk of potential fractures of long bones with metastatic lesions.
Finite-element (FE) modelling is the most appropriate method for suggestion of objective indicators for the prevention of fractures after surgical resection of bones. This approach is currently widely used for prediction of fractures and corresponding loads as well as localization of fracture in femur under different loading conditions; important results in this area are described in [1, 2, 9, 10, 13, 14] . Assessments of fracture risk and definition of a failure load for bones with metastatic lesions based on the finite-element method were carried out in [3, 5, 7, 15, 16] . In a study on prediction of fracture load and objective assessment of the failure of femur with lytic defects [11] , an engineering theory of beams was used in conjunction with tomographic data on structural stiffness. Basically, FE modelling and corresponding experimental verification were carried out for femurs with metastatic lesions of round or oval shape [3, 7, 11, 16] . FE simulations of femurs with rectangular-shaped defects were carried out in [5] and [15] . A maximum width of defects in these studies was assumed to be equal to 0.3 [5] and 0.25 [15] of an external diameter of the bone. Rectangular concentrators due to defect corners were examined in [5] . These concentrators were with the right angles [5] or with rounded edges [15] . The mentioned geometric dimensions of defects do not correspond fully to cuts formed after a sectoral resection; an angular size of post-resection defects can reach 3π/2. Another important feature of post-resection defects is formation of notches in defect's corners after a use of cutting tools. Such notches have a significant effect on development of cracks in a bone. The aim of this study is the FE-based prediction of ultimate loading combinations that could be applied to a femur with a post-resection defect exposed to combinations of the human's own weight and flexion-tension, adductionabduction or rotation. The bone defect was considered to be in the medial section of the femur on its medial side. Three main parts of the femur and its different cortices are shown in Figure 2 . Recommendations to prevent excessive treatment of patients after surgical resection are formulated on the basis of FE calculations of J-integral and experimental results [20] . These recommendations, primarily, may refer to the description of the unloading regime conditions for patients after surgical resections.
FE modelling of femur loading
Computed tomography of a femur was carried out with a spiral X-ray Tomograph (Siemens Somatom Emotion 16) with a slice step of 2.0 mm, and its three-dimensional solid model was obtained by using a computer system of medical image processing ScanIP (Simpleware Ltd., UK). A STL-model was converted into a solid model with CATIA V5 (Dassault Systemes, France). A bone tissue was modelled as a homogeneous transversally isotropic material [1] . Lower sections of the femoral condyles (regions of contact with the condyles of the tibia) were fixed rigidly. The bone defect's length was 64 mm, its angular size was 1800, and the bone defect was located in the femur's middle third on its medial side.
The loads in the model were applied in accordance with the location of the biomechanical z1-axis and anatomical z2-axis. Point O1 (see Figure 3) was the center of the head of the femur; point O2 was a trochanteric fossa point, point O was located in the center between the two lower condyles. The human's own weight was applied along the z1-axis to one-third of the area of the femur head. A bending moment for flexion-tension acted in the yz1-plane (y-axis was parallel to the plane tangent to the condyles of the lower joint). A bending moment for abduction-adduction acted in the xz1 -plane (x-axis was perpendicular to the yz1-plane). A torsion torque was applied in O2; distance between point O2 and biomechanical axis was an arm for the torsion torque of the femur. The used coordinate systems x0z1 and x0z2 are shown in Figure 3 . The biomechanical and anatomical axes and the characteristic point were embedded in accordance with recommendations from [21, 22] . In the corners of the post-resection defect, predefined cracks were located in order to calculate values of j-integrals (see Figure  4) . The bone was meshed with maximum size of the element 5 mm. Meshes of domains near the corners of the cutting defect were refined (the element size was 0.1 mm) and mapped to achieve higher uniformity. The finite-element model of the femur region with concentrators of the post-resection defect is shown in Figure 
Ultimate load combinations
Assessment of ultimate loading conditions for the post-resection bone defect was carried out using the critical value of J-integral corresponding to onset of crack propagation obtained in the experiment [20] . The critical J-integral was equal approximately to 5925 N/m [20] . Ultimate load combinations corresponded to such combinations of simultaneously applied loads that lead to the critical value of J-integral. Several types of load combinations were considered, namely, the human's own weight P together with the flexion-tension moment Tf-t, the adduction-abduction moment Ta-a or the torque Tr. Figure 5 presents the curves corresponding to such ultimate load combinations in coordinates (Tf-t, P), (Ta-a, P) and (Tr, P). The ultimate values of the human's own weight, the bending moments Tf-t, Ta-a and the torque Tr corresponding to critical value of J-integral in the cases of, only a single load-applied to the operated bone are shown in Table 1 . As reflected by the Figure 5 and Table 1 , superposition of the bending moments or the torsion torque on the human's own weight is much more dangerous for a patient than action of their own weight. The most dangerous addition to the human's own weight for the studied type of the post-resection defect is that of the bending moment Tf-t load while the least dangerous that of the bending moment Ta-a. Importantly, any additional load can cause a significant reduction of the allowed fraction of weight to be applied to the operated bone. 
Conclusions
Finite-element calculations of the J-integrals were used to assess the ultimate combinations of loads (the human's own weight together with one of three types of loads -the flexion-tension moment, the adduction-abduction moment or the torque for the model of the femur bone after surgical resection. The postresection defect was in the middle third of the femur on its medial side. The obtained results showed that for defect with this location the most dangerous loads combination was of the human's own weight and Tf-t. Nearly the same danger is in the case of action of the weight and the torque Tr. Based on FE simulations, for the post-resection defect with the studied dimensions, any weight in excess of 800 N is critical. For patients with lower weight a discharge regime can be recommended after surgery; if the weight is more than 800 N, reinforcement of the femur bone would be viable; but even in the discharge regime flexiontension and torsion loads should be avoided. Obviously, some safety margin should be introduced to accommodate significant levels of uncertainty, e.g. dynamic load components. The critical values for the flexion-tension bending moment and the torque can be used to obtain ultimate rotation angles for a femur corresponding to onset of cracking near the post-resection defect. Based on these angles, more precise recommendations for implementing a discharge regime after surgical resection can be formulated for a patient. The approach to obtaining the ultimate loads (both for single and their combinations) applied on the femur bone with post-resection defect based on FE calculation of J-integrals presented in this study can be extended to post-resection defect with different sizes as well as to other long human bones (shank, humerus, radius and ulna of forearm).
